The perfect liquid and other
highlights from RHIC
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1 Introduction to QCD and high energy heavy ion physics
1 Soft/bulk results from the Relativistic Heavy lon Collider

I Hard/Jets results from RHIC
— Perspective for day 1 physics at LHC
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The standard model particles
and interactions

Matter
particles
All ordinary
particles
belong to
this group

Electron

Nucleus

LEPTONS

and chemical reactions;

Electron
it has a charge of -1

Electron neutrino
Particle with no electric

Proton

Neutron

QUARKS

These
particles
exsted just
after the

Big Bang
Now they are
found only

n cosmic
rays and
accelerators

Force
particles
These
particles
transmit the
four
fundamental
forces

of nature
although
gravitons
have so far
not been
discovered
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Muon

A heavier rolative of the
eloctron; it lives for two-
milionths of a second

A heanvier relative of tho up;
found in 1974

Strange
A heavier relative of the down;
found in 1964

Tau
Heawer still; it is extremel

| unstable. It was discovered
in 1975

THIRD FAMILY

Gluons
Carriers of the
strong force
between quarks

*’0

quarks

The explosive release of nuclear
energy is the result of the strong force

Tau neutrino
not ye

behev

Photons
Particles that
make up light;
they carry the
electrom Il;!]"ll{'
force g
quarks and charged leptons

Electricity, magnetism and chemistry
are all the results of electro-magnetic
force

Intermediate
vector bosons
Carriers of the

weak force

S
go o

quarks and leptons

Some forms of radic-activity are the
result of the weak force
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Gravitons
Carriers of
grawity

Foit by
all particles with mass

All the weight we experience is the
result of the gravitational force




OCD and hadronic matter

Hadrons

3 color charges green
blue)

Hadrons have to be colorless
Baryons have all 3 colors

Mesons has a color and an anti-
color
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OCD Confinement and other

Complications
1 QED vs QCD potential:
v =S v=Cig @ L4t " 2
r r

C, c , k constants
a) QED or QCD (r< 1 fm) b) QCD (r> 1 fm)

1 Confining term arises due to the
self-interaction property of the
colour field. k~1GeV/fm

1 QCD is for low energies non-
perturbative a_~1

— We know the theory but we cannot
solve it!

1 But at high energies (small

distances << 1 fm) we can use 10 ton
perturbative QCD
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Numerical QCD at high
temperatures: a gas of q and g

2

2X 38+ 72><2><3><3 T

€ocp= ‘« )

Gluon spin and color T

(Anti+)quark spin, color and flavor (u, d, and s)

This suggests that the
Quark Gluon Plasma
should behave as a

SPS 3 flavour

2 flavour gas of quarks and
| To= (173 +/- 15) MeV gluons!

e, ~ 0.7 GeV/fm®
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Deconfinement at large
lemperatures

2nd oEger

uarks and Gluons

(crossover 1 At
\ we
on QA expect a phase

/ transition to a
1

Color Super-
conductor?

«— 35I2AIUN AJJE]

Temperature T [MeV]
3

Neutron stars
Vi
7/

Net Baryon Density

hadronic phase
QGP and

initial state hydrodynamic expansion

pre-equilibrium hadronization
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3 Accelerators to produce the
high energy beams

— Relativistic Heavy lon Collider
at Brookhaven National
Laboratory (outside new York)

— Large Hadron Collider at
CERN (near Geneva)

21 Experiments to detect and
reconstruct the final state
particles

— PHENIX and STAR at the
Relativistic Heavy lon Collider

— ATLAS and ALICE at the
Large Hadron Collide
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From real-time Level 3 display.




Event

From real-time Level 3 display.




Event

From real-time Level 3 display.




Charged mulaplicity dN ., /dn at

mid-rapidity (N~0) vs models

Model predictions at vs,,=200GeV dN/dn Vsyy

TTaTe R 1.ING (dN_ /cn), b<3fm)

strings

® PHOBOS
HIJING+ZPC+ART (b=0) O NA49 (SPS)

RQMD (b=3fm) ¢ EB95,E866,E917 (AGS)
UrQMD (b<3fm)
VNI+UrQMD (b<1fm)
HSD, VNI+HSD (b<2fm)
NEXUS (b<2fm)

DPM (Pb+Pb)

DPMJET (Pb+Pb, 3%)

]

part

SFM (5%)

LEXUS (5%)

EKRT saturation (b=0)
Hydro+UrQMD (b=0)
Fireball (~5%)

McLV (dN/dn, b=0)

chhfd']] ||]1|.:1f(N 1"2)
Pa

1 From the dN/dn and transverse energy one can estimate
the energy density and one finds:

e~5GeV/fim3 >> 1 GeV/fm? (numerical QCD critical €)

16.6.2008
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Gluon saturation at small x

listribution functions
02=20Gev2  Larry McLerran

hep-ph/0104285

Q2 = 200 Gev?

saturation

region

perturbative
region

» With increasing energy/momentum resolution the number of (small-x)
partons in a hadron/nucleus grows rapidly (dominate soft physics)

- At the saturation scale Q_ partons begin to overlap in the transverse area of
the nucleus (~A13), which prevents further growth of the parton density

» Color-Glass-Condensate: The many partons can be treated as semi-
classical fields and the initial condition at RHIC can be calculated

The perfect liquid and other highlights from RHIC
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LHC predictions
Saturation is now largest

Charged multiplicity for 1=0 in central Pb+Pb at sNN=5.5 TeV

Compilation
Wolschinetal. »—o— i i dN/dh, 6% based on:
Porteboeufetal. | : - - dN/dn, N__ =350 N Armesto et al 2008
Kharzeev et al. : ' : : dN/dn, N =350 J. Phys. G:
! : ! ! part
Jeon et al. : ; : : dN/dn, N__ =350 Nucl. Part. Phys.
Fujii et al. : ' i i dN/dn, N =350 35 054001

Eskola et al. 5 ; 5 5 dN/d, 5% Taken from pbm.
El et al. i ; : i dN/dh, 3%

Dias de Deus etal. 1 i i i dN/dn, N =350
Chen et al. E ; : : dN/r~ e Fm
Capella et al. i i i i dN, 1600
1 1 1 1
RH IC L EUSZEI [ | E E E 3: 1400 . Running coupling evolution power-law fit f_'.
opp etal. ; : ; . - - e
soft ! : : ! 2 173 Fits o RHIC dat Gt
. Topor Pop et al. ! ! ! ! dNi 1'_'— reo p oot P toRHIC \f«-"'/li'.-“
scal | ng Armesto et al. ! ; ; ! dN = T ¢ Au-Au 0-6% central RHIC data
: ] 1 1 s

Albacete
800

Abreu et al.

1000 2000 3000 4000

¥’
-

1 Pre-RHIC: dN,,,__/dy (LHC) = 8000! [

I Day 1 physics will determine the role of the hard scale at
LHC (very high energies)
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Elliptic flow (v2)
unique to heavy ion collisions

Fourier decomposition:
[ dN/dp =1+ 2 V.,cos(2 Ag )

Centrality 2D - 25 (%) Centrality 40 - 45 (%)

>Hago

)
(4]
—
°
<
a

=lsgyp

{apea) 62

Initial Strong
spatial pressure
anisotropy gradients

Sensitivity to
- -
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Elliptic flow is close to ideal
(non-viscous) hydrodynamics

Calculation by
M. Luzum and
P. Romatschke

calculations and the large flow out to high pT (what is
flowing there? Ask me:-)

1 This leaves little room for dramatic increases at LHC (by
conventional hydro) < 25% increase.

The perfect liquid and other highlights from RHIC
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AdS/CFT: The fluid is perfect!

1 Anti-de-Sitter/Conformal Field Theories is a math trick

8 Weakly coupled 5d super gravity is dual to QCD like theory
— Strongly coupled
— Conformal = no intrinsic scale = deconfinement = QGP
— Infinite number of colors
— No running coupling
i Some big results from AdS/CFT
— Strongly coupled theories can have gas like energy densities
— Universal (for all forms of matter) lower bound on the viscosity to
entropy density ratio: n/s = 1/(41)
1 However, also some results disagree with experiment
— J/W¥ suppression as a function of p_

8 Hope is to find dual QCD theory

The perfect liquid and other highlights from RHIC
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Hard probes (pQCD):
parton-parton interactions

Puaysica
REVIEW
| _LETTERS

Articles published week ending
15 AUGUST 2003

hadrons

f

=

Volume 91, Number 7

PHENIX PHOBOS \ 1
i | 2 " b = . k
i 5F 70-100% - 40-70% _ -~ . B
i & - I'- .
A

o * - ' -' . -
FEAVE Lt 4 5
. - L g . -. .} J 2
4 pT(GeV/’c) 2 4 é - é . # ’ - _' r
- 'p- -

g i "
-40 *
o - .
it * Au+ Au Central \
e d+Au Central .
M. = p+p Minimum Bias
i 7 n
—— o
180 270
A0 (degrees) h a d ro n s

Opy
Library or Other Ins muu hibited Until 2008 —‘

(‘Q, Published by The American Physical Society

e AN/A(A0)

(1N,
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Heavy Ion Jargon

1 Centrality (ex. for Au+Au):

© Spectators

Binary collisions

L

| —

Partt'cipaﬁfé

soft) ___

. *Spectators

Participants Spectators o 2 |+ s s w0 12
Impact Parameter

1 The total energy is proportional to the participant

1 The number of parton-parton (quark-quark, quark-gluon,
gluon-gluon) is proportional to the binary collisions

1 Example:

]

6 participant
v 9999 8binary collisions
(pp has 2 participant and 1 binary collision)

The perfect liquid and other highlights from RHIC
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The nuclear modification factor
or pions (1/2)

n0 spectra:
L}

min.bias
e 0. > gt

7° 80-92% Central ——
PHENIX preliminary PH ENIX

10 12 14 16 18 20
p (GeVic)

—
PH. ENIX @)

E PHENIX Data
7® 0-5% Central

rs r 7-‘-‘\/-7
—KKP FF b PHENIX preliminary PH- ENIX

,."..."”",tg;ﬂ“éjJf# +

15
8 10 12 14 16 18 20
pr (GeVic) p (GeV/c)
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The nuclear modification factor
for pions (2/2)

0 80-92% Central . " F 7°0-5% Central -
PHENIX preliminary PH- ENIX ’ PHENIX preliminary PH ENIX

.“.-i---'-oij?é*iié§i

8 10 12 14 16 18 20 8 10 12 14 16 18 20
b (GeV/c) b (GeV/c)

1 In central collisions we observe only 20% of the remnants
from parton-parton collisions that we expected to observe!

1 \What happens to the rest?
— They loose energy as they go through the high energy matter!
— This is the QCD signature we looked for!

1 But first let us consider other alternatives!

The perfect liquid and other highlights from RHIC
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Could the binary
scaling be wrong?

Au+Au\[s,,, = 200GeV, 0-10%

L Source of direct photons
PH: ENIX PHENIX preliminary

- 70
S Tl

-=dir. photon

. 1 I

¥ })h?} . . JJ_:.._:'—' - -

Annihilation Compton Scattering

L.

tel

'.llil.;nlzll-.,ihf LLL §§*§§++

18
pT{GeVie)

1 Direct photons does not interact with final state hadronic
matter!

i Direct photons shows no nuclear modification confirming
binary scaling of hard processes!

The perfect liquid and other highlights from RHIC
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Could it be an initial state
effects? AutAu vs d+Au

Au+Au 200GeV

B h*+h 70-80% /N+N [J n° 70-80% /N+N

d+Au 200GeV = h*+h 60-88%/ N+N

The perfect liquid and other highlights from RHIC
P. Christiansen (Lund)
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Could it be an initial state
effects? AutAu vs d+Au

Au+Au 200GeV

B h*+h 40-50% /N+N [J n° 40-50% / N+N

d+Au 200GeV = h*+h 40-60%/ N+N

The perfect liquid and other highlights from RHIC
P. Christiansen (Lund)
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Could it be an initial state
effects? AutAu vs d+Au

Au+Au 200GeV

B h*+h 20-30% /N+N [J n° 20-30% / N+N

d+Au 200GeV = h*+h 20-40%/ N+N

The perfect liquid and other highlights from RHIC
P. Christiansen (Lund)
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Could it be an initial state
effects? AutAu vs d+Au

Au+Au 200GeV

B h*+h 0-10% /N+N [J n°0-10% /N+N

]
ﬁu'

Il
o
]

d+Au 200GeV = h*+h 0-20%/N+N

|/
*99; % AL
412‘ ‘@d 99
LA 4

So it must be a final state effect!
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The suppression is due to
energy loss in the medium

Side view Most jets Back view
are V
back to Associated
back! particles

Trigger

— p+p min. bias

* Au+Au Peripheral ~STAR

4 < p,(trig) < 6 GeV/c 11 Jo R A e ATl

The perfect liquid and other highlights from RHIC
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The suppression is due to
energy loss in the medium

Side view Most jets Back view
T o created rigger
"_’ / back to
y back!

— p+p min. bias

A large
energy loss
requires a
QCD
interacting
medium, i.e.,
a colored
medium!

* Au+Au Central

4 < p,(trig) < 6 GeV/c M o EdyAel\V]

The perfect liquid and other highlights from RHIC
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Au+Au vs d+Au

Hot vs cold nuclear matter

4 d+Au (MB) N9 A" 4
o Autau (0-10%) 4 3°%s  experiments £
b published
together in
PRL.:

o
-
_r
r3
[
c
=
=
av
_r
=
=
o
=
S A
ryY
o
z

« deAu FTPG-AU 0-20% No suppression seen in d+Au
. —pspmin bias Ay — Quarks and gluons loose/radiate
energy as they interact with the
colored quarks and gluons of the
created matter.
This suggests that the quark gluon
plasma has been discovered!

1/Nqoger AN/A(AO)

The perfect liquid and other highlights from RHIC o8
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Predictions for LHC

Reopo(P,=20,50 GeVy=0) in central Pb+Pb at sNN=5.5 TeV

Compilation
based on:

1
E Wang et al., n’, 5 % (5,~3.35"%), WW eloss+1d exp., shadowing N Armesto et al 2008
] 1 | ]
—lo—s O Vitev,x’, 10 %, GLV+g-feedb.+cold eloss, dN/dy~1.7-3.3(dN%dy) ™ J. Phys. G:
1 1 1
i i Pantuev, charged, N =350, =12 fm~0.5(:on)™" Nucl. Part. Phys.
E Lokhtin et al., charged, 10 % f.dNthdmﬂOO). rad.+coll. eloss in MC 35 054001

Taken from pbm.

: Kopeliovich et al., n°, 10 %, early hadronization
o Liuetal, pf”"*“‘:dﬂ._ 10 %, 2<->2 W. CONv., transv. exp.

1 = (r
I Jeonetal., =%, p"""=40, 10 % (1.=1 fm), BH e|oss+ow,9EE=1;9EE.>“““

1° 0-5% Central ——
PHENIX preliminary PH: “ENIX

E Wicks et al., i, 10 %, rad.+coll. eloss, dN/dy~1.75-2.9(dN %y ™"

1
1 Qinet al., charged, 10 % (dN""/d n~2500), AMY+hydro, .-1_‘=0.25-0.33

RHIC ~ 0.2

1

1 Renketal, %, 10% demfdrr-ZSOO). BDMPS QW with hydro evol.
1 7 " Y c

I Dainese etal. 1", 10 %, BDMPS QW with WS, §~2-73"

i Cungueiro et al., 7%, 10 % (dN""/d~1500), percolation

1
1 Capellaetal, 2%, 10 % (dN"/d n~1800), comovers, kinematics

*............é‘o“*ic}ﬁ## ¢

0.6 10 12 14 16 18 20

1 Given that the experimental uncertainty probably will be
~0.1 the models are not that different (no punch through)

1 Difficult to get much larger suppression without initial state
effects due to the large unsuppressed surface

The perfect liquid and other highlights from RHIC
19,9.2095 P. Christiansen (Lund)
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Summary:

Multiplicity dN/deta (dEt/dy, particle ratios, pT slopes) have
established that we are above Tc

Elliptic flow indicates that the medium interacts early —
thermalized and collective (strongly interacting — sQGP)

Jet quenching (light quarks) shows that jets interacts
strongly with the medium — medium is colored

Theoretical models fails to describe more than one effect at
a time

Day 1 measurements will complete the energy systematics
of the bulk observables and jet quenching (and hopefully
provide new unexpected results) in a regime where pQCD
should work even better

The perfect liquid and other highlights from RHIC 30



Heavy ion collisions:
The study of high energy OCD

The evolution of a heavy ion collision

hadronic phase
QGP and

initial state hydrodynamic expansion

pre-equilibrium hadronization

1 By colliding heavy ions it is possible to create a large
(»1fm3) zone of hot and dense QCD matter

1 Goal is to create and study the properties of the Quark
Gluon Plasma

1 Experimentally only the final state particles are observed,
so the conclusions have to be inferred via models

The perfect liquid and other highlights from RHIC
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“Measured” initial energy
density

Bjorkens hydrodynamic formula for thermalized energy density
in terms of measured transverse energy ET

,—..“

]. ]_ dE é PHAENIX
€pj = 3
¥ 1R? ct, 5 ~ 23.0 GeV/fm?
4_ —’ E] .
& _ &y ~ 4.6 GeV/fm’
N\
gl
PHENIX: Central Au Au yields Lattice e
dET 3 1.5 B3 3T5 4 'f-.f|.,5,ﬁ)5
<— — 503 i 2 GeV ime (fm/c)
d N n=0 Formation(thermalization) time ?
16.6.2008 The perfect liquid and other highlights from RHIC
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Ildentified particle ratios:
I and l, at freezeout

(= QIO mint KIK Kir ple K% ¢/h Ah Z/h Qi 1000 | non-strange mesons
x10 500

O PHOBOS

A BRAHMS

=130 GeV

1.Generate hadrons with
weights: exp(-(m+pg)/T)
Model re-fit with all data !
T =176 MeV, u, =41 MeV 2.Decay strongly
Braun-Munzinger et al., PLB 518 (2001) 41 D. Magestro (updated July 22, 2002) 3.C0mpare to data

I Particle ratios are well described by statistical models
when decay from hadronic resonances are taken into
account (only QCD input are the masses and decays)

I The temperature is consistent with what we expect from
Lattice QCD calculations for the transition temperature

The perfect liquid and other highlights from RHIC
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The OCD phase diagram with
the measured T and |,

quark-gluon matter

critical endpoint : o T im =161 £ 4 MeV

Lattice QCD

dllute | ~ : +++

hadronic [
medium dense +

A. Andronic,
P. Braun-Munzinger,

J. Stachel,
nucl-th/0511071

temperature T [MeV]

B fis, dM/dy data
baryonic
medium

75

50

¥ P. Braun-Munzinger et al. PLB 518 (2001)
25 @ F. Becattini et al. PRC 96 (2004)
H R. Averbeck et al. nucl-ex/9803001

0
0 0.2 0.4 0.6 0.8 1

102
oz (GEeV)

The statistical description of particle rations is also good for
lower energies: AGS and SPS. The temperature saturates at
T~160 MeV indicating that the system has crossed the phase
boundary (— LHC prediction~RHIC)

But p+p ratios can be described with a similar (canonical)
formalism and T! So it is a hadronization attribute.

baryonic chemical potential | [GeV]

16.6.2008 The perfect liquid and other highlights from RHIC
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Ouantum Chromo Dynamics (QCD)

Hadrons

3 color charges green
blue)

Hadrons have to be colorless
Baryons have all 3 colors

Mesons has a color and an anti-
color

wSOoOumwWo 2

The perfect liquid and other highlights from RHIC
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Charged Particle Multiplicity
dN/dn

1 AvtAu @ ka =200 GeV ] ACCO rd I ng tO BJ Orke n.

0-5%

5-10%
..........
®

10-20%

da® e
@ 0 Leet oe

—
p—
L=

—

=
)
L=

20-30%

0%%%0,00000%,,

30-40%
0®®%%%cecnnen®on,,

S
(L)
2
-
L
2
o
%
o
5
-

1 .
Nuclei

Net Baryon Density

Estimate the energy density, assume <Et>~0.5GeV,

The perfect liquid and other highlights from RHIC
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Answers

1 Each nucleon-nucleon
Interaction produces on
average a spherical
symmetric distribution.
Only by interacting elliptic
flow is generated

g, Gyulassy, Ko, Phys. Lett. B455 (1999

1 Flow is strongest in the
i event plane because of the
stronger matter gradient

— hydrodynamic explanation
SCIENCE Vol: 298 2179 (2002) i

t (fm/c)

The perfect liquid and other highlights from RHIC
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Elliptic flow at RHIC is
“Maximal”

25 30
(1/S) dN_, /dy

1 Relativistic hydrodynamic predicts elliptic flow
— The high energy medium interacts very strongly immediately after
being formed

— Medium does not behave as a gas, but an almost perfect fluid!

1 Question: Where is QCD dynamics?

16.6.2008 The perfect liquid and other highlights from RHIC
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v2 at RHIC

O charged hadrons
o KI O A+A

proton .
—— Lambda .09

15 20 25 30 35
p;(GeV)

1 Hydrodynamic predicts v2 (for p;<2GeV/c)

STAR, J. Phys. G 28 (2002) 20

— Mass difference comes from velocity/flow at freezeout
— v2 at AGS and SPS is below hydro limit

1 Strong interactions are really strong => use hydro
1 Where is QCD dynamics?

The perfect liquid and other highlights from RHIC
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What is flowing at high pT:

The quarks are flowing!?

II_I_lIIIIlIIIIIIIIIIII

# m+r (PHENIX) <5 p+p (PHENIX)
m K*+K (PHENIX) O A+A (STAR)

K2 (STAR)

[ =+Z (STAR)

1Mes

16.6.2008

0.5 1 1.5 2
KE./n, (GeV)

into hadrons ?
Quark degrees of freedom?

The perfect liquid and other highlights from RHIC
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Recombination at LHC(?)

i Normal particle production in jets is fragmentation

i Recombination allows the many partons from different
quarks to recombine! p = 3 p . ons (Baryon p > Meson p)

1 Njets increases at LHC => recombination region should
change. Hwa and Yang (R.C. Hwa and C.B. Yang, Phys.
Rev. Lett. 97, 042301 (20006).) predicts p/mm~10 out to
p~20GeV/c with no associated jet structure!

® 0-12% Aut+Au
A 60-80% An+Aun

# -
--------------
,,,,,

o

-
----------------
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